Abstract. -Restriction endonuclease analyses were performed on mitochondrial DNAs (mtDNAs) representing unisexual parthenogenetic (cytotypes A, B, and C) and bisexual (cytotypes D and E) populations of Amazonian lizards presently regarded as Cnemidophorus lemniscatus. The results ofmtDNA cleavage map comparisons among these C. lemniscatus indicated that (I) there was no cleavage site variation among the unisexuals, (2) mtDNAs from the bisexual cytotypes D and E differed in sequence from one another by about 13%, and (3) mtDNAs from cytotypes A-C differed from those ofcytotype D by about 5% and from those ofcytotype E by about 13%. Higher resolution restriction fragment size comparisons confirmed the high degree of similarity among the unisexual mtDNAs, but identified 12 cleavage site variants among the 13 cytotype D mtDNAs examined.
One-third of the approximately 50 species in the lizard genus Cnemidophorus consist exclusively of parthenogenetically reproducing females. Comparative studies of morphology, ecology, chromosomes, and allozymes among these and their bisexual congeners have demonstrated that the unisexuals originated by interspecific hybridization (reviewed by Cole, 1975; Wright, 1978; Darevsky et al., 1985; Dessauer and Cole, 1989) . Mitochondrial DNA (mtDNA) analyses (Brown and Wright, 1979; Wright et al., 1983; Densmore et al., 1985 Densmore et al., , 1989a Densmore et al., , 1989b  Moritz et al., 1989a Moritz et al., , 1989b have extended and strengthened this correlation and have provided data that exclude the possibility, proposed by Cuellar (1974 Cuellar ( , 1977 Cuellar ( , 1987 and by Darevsky et al. (1985) , that certain ofthe triploid unisexuals could have 4 Present address: Department of Zoology, University of Queensland, St. Lucia QLD 4067, Australia. been derived from spontaneously arisen parthenogenetic diploids.
Prior to the current study (see also Sites et al., 1990) , only one possible exception to the correlation between hybridity and parthenogenesis in Cnemidophorus remained. This was C. lemniscatus, a species found from northern Central America to the Amazon Basin of Brazil and on nearby islands (Serena, 1984 (Serena, , 1985 . As presently defined, the C. lemniscatus complex contains both normally reproducing bisexual and parthenogenetically reproducing unisexual populations. In Brazil, C. lemniscatus is distributed along the Amazon river and its tributaries, with unisexual and bisexual populations having nonoverlapping distributions in the eastern and western parts of this range, respectively (see Fig. 1 in Sites et al., 1990) .
Combined analysis of multiple data sets can provide detailed information on the 922 Peccinini-Seale and Frota-Pessoa (1974) . Mode refers to bisexual (B) or parthenogenetic (P) reproduction. One mtDNA from each locality was analyzed with 14 enzymes cleaving at 5-or 6-bp sites; N corresponds to the number ofmtDNAs analyzed with enzymes cleaving at 4-bp sites. Locality numbers correspond to those in Figure I of Sites et al. (1990) . For further specimen and locality information, see the Appendix. b A. ameiva localities 12 and 13 are, respectively, the same as C. lemniscatus localities 5 and 8.
evolutionary history of unisexual taxa (Moritz et aI., 1989b; Vrijenhoek, 1989) . The companion paper on allozyme variation (Sites et aI., 1990) provides evidence that the Amazonian unisexuals are hybrids between cytotype D and cytotype E bisexuals and that the latter are two distinct species. These conclusions are also well supported by chromosomal data (see Fig. 7 of Peccinini-Seale and Frota-Pessoa, 1974; Peccinini-Seale, 1989; Sites et aI., 1990) . Analysis of mtDNA, a maternally transmitted (Dawid and Blackler, 1972; reviewed in Avise, 1986) and rapidly evolving molecule (Brown et aI., 1979; reviewed in Brown, 1985) can provide unique insights into the history of unisexual taxa (Brown and Wright, 1979; reviewed in Moritz et aI., 1987 reviewed in Moritz et aI., , 1989b . Specifically, comparisons of mtDNAs from bisexual and unisexual C. lemniscatus can be used to address the following questions: (I) Are the maternal ancestors of the three cytologically distinct unisexual forms (A, B, and C) closely related? (2) Did the unisexuals arise independently at geographically widespread localities or at one site with subsequent range expansion? (3) Are the unisexuals of recent or ancient origin? (4) How similar are the mtDNAs from the bisexual cytotypes D and E? (5) Can either of the bisexual taxa be identified as the source of the female parent of the unisexuals?
MATERIALS AND METHODS

DNA Preparation and Analysis
Mitochondrial DNA was prepared from field collected lizards (Table I ; Appendix) and analyzed using methods described previously (Brown, 1980; Wright et aI., 1983; Densmore et aI., 1985) . Most of the lizards collected in 1987 were also karyotyped and examined by allozyme electrophoresis (Sites et aI., 1990) . DNA fragment sizes were determined by electrophoresis through agarose and polyacrylamide gels, using restriction endonuclease-digested </>X174 RF-DNA and A phage DNA as size standards.
Statistical Analyses
Sequence divergence between mtDNAs was estimated from (I) cleavage site changes inferred from the fragment patterns produced by endonucleases that cleave at 4-base pair (bp) sites and (2) comparisons of cleavage maps for 5-bp and 6-bp sites, using the equations ofNei and Tajima (1983) and a program described in Nei et aI. (1985) . This program was also used to cluster the mtDNAs according to their sequence divergence estimates by the UPGMA. Character states (presence/absence of cleavage sites) were analyzed using the Wagner parsimony algorithm in PAUP (version 2.4.0; Swofford, 1985) . 
RESULTS
Variation among Unisexual
Cnemidophorus lemniscatus Four mtDNAs, representing four widely separated populations and each of the unisexual cytotypes A, B, and C (Table 1) the endonucleases HinfI, HinPI, DdeI, MboI, MspI, and Tag!. These enzymes cleaved a total of 180 4-bp sites per mt-DNA. The HinfI digests fell into two groups that differed by one cleavage site (Fig. 2) ; mtDNAs from cytotypes A and B had unique fragments of 0.87 and 0.14 kb, whereas those from cytotype C had instead a unique 1.03 kb fragment. The HinPI digests also identified two groups that differed by one cleavage site (Fig. 2 ), but these were not congruent with the HinfI groups. mtDNAs having the additional HinPI site [all C (Maruda) and some B (Oriximina) mtDNAs] had one 0.625 kb fragment plus unique fragments of 0.45 and 0.164 kb, whereas those without it [all A, all C (Capanema), and the remaining B (Oriximina) mtDNAs] had two fragments of 0.625 kb instead. No cleavage site variation was observed in digests with the other enzymes (e.g., MboI; Fig. 2 ).
The HinfI and HinPI data define four mtDNA types whose sequences are estimated to differ by 0.07-0.14% (mean among the four = 0.09%). The derivation of these is considered in the context of the chromosomal data, which suggest that cytotypes A and B are derived sequentially from cytotype C ( Fig. 3 ; Sites et al., 1990 ; also see Fig. 7 of Peccinini-Seale and Frota-Pessoa, 1974) . The HinfI site separating the 0.87 and 0.14 kb fragments probably arose in the ancestor of cytotype B. The distribution of the HinPI variants among the cytotypes is more complex. The presence of both HinPI variants in cytotypes Band C could indicate either independent site gains in both cytotype Band C individuals (Hypothesis I; Fig.  3 ) or multiple origins of cytotype B from cytotype C unisexuals (Hypothesis II; Fig.  3 ). Hypothesis I is the more parsimonious. It requires only the convergent gain ofHinPI sites, whereas Hypothesis II requires parallel chromosomal changes as well.
Only minor size variation (i.e., ::;400 bp) was observed among the unisexual mtDNAs. This is illustrated in Figure 2 by the lowered mobility ofthe second largest HinfI, the fourth largest HinPI, and the largest MboI fragments in lanes B compared to those in lanes A and C. However, despite the examples in Figure 2 , this variation does not partition among cytotypes or localities 
HYPOTHESIS II:
compared by digestion with each of 14 restriction endonucleases that cut at 5-or 6-bp sites (listed in Fig. 4, legend) . No variation in fragment size was observed (e.g., Fig. 1 ), indicating complete conservation of the 32 sites cleaved by these enzymes. At this level of resolution there was no evidence for length variation among these mtDNAs. The estimated size ofthe mtDNA in the unisexuals is approximately 16.7 kilobases (kb). For a higher resolution analysis, mtDNAs of45 unisexuals (Table 1) were digested with of unisexual C. lemniseatus. The observation of minor length variation is a common feature of inter-and intrapopulational mtDNA comparisons of Cnemidophorus (Densmore et aI., 1985 (Densmore et aI., , 1989a (Densmore et aI., , 1989b Moritz et aI., 1989a) and other vertebrate species (reviewed by , and by Moritz et aI., 1987) , and the nature and possible causes of this kind of variation have been characterized and discussed. In the present study, no further characterization or analysis of this size variation was undertaken.
Variation among Bisexual
Cnemidophorus lemniscatus Four mtDNAs from individuals representing four bisexual populations of Amazonian C. lemniseatus (localities 5-8, Table   1 ) were examined using 14 enzymes that cleave at 5-and 6-bp sites (listed in the legend to Fig. 4) . The two cytotype E mtDNAs had 38 (Urucurituba) and 39 (Manacapuru) cleavage sites, differing by only one Nhel site. More variation was observed between the two cytotype D mtDNAs. These had 35 (Alter do Chao) and 32 (Boa Vista) cleavage sites and differed by single cleavage sites for Aval, Bell, Neol, Nhel, Sall, and Spel (Table 2 ). The Aval and Bell differences are apparent between lanes D, and Db in Figure 1 . Estimates of sequence divergence are 0.2 ± 0.2% between the two cytotype E mtDNAs and 1.9 ± 0.8% between the two cytotype D mtDNAs.
The mtDNAs also differed in size; both E mtDNAs were 16.7 kb, whereas the D mtDNAs were 18.4 and 18.8 kb. The length differences typically appeared in the largest fragment of a digest (e.g., Fig. 1) , and 1.7 kb of the difference between the E and D mtDNAs mapped to the region between the conserved SpeI site at map position 16.2 and the BglII site to its right (Fig. 4) . Side by side comparisons of combined SpeI and BglII digests revealed a 0.5 kb SpellBglII fragment in the E mtDNAs and a corresponding 2.2 kb fragment in the D mtDNAs. The 400 bp difference between the two cytotype D mtDNAs mapped to the region between the BglII site at map position 18.4 and the SpeI site at position 1.6, as indicated in Figure 4 .
A higher resolution comparison of mtDNAs within cytotypes D and E, using enzymes that cleave at 4-bp sites, was consistent with the above cleavage map comparisons. Cytotype D mtDNAs were heterogeneous. Thirteen (3 from Boa Vista and 10 from Alter do Chao) were digested with each of 7 enzymes (MboI, HinfI, HinPI, DdeI, MspI, RsaI, and TaqI) , which cleaved an average of 194 sites per mtDNA. The fragment size comparisons revealed 12 cleavage types among the 13 mtDNAs; cleavage site differences ranged from none with any enzyme, between the most similar pair (from Alter do Chao), to several with each enzyme, between mtDNAs from Alter do Chao and Boa Vista (Fig. 1) . Although cleavage site variation was observed between individuals and among groups of individuals within each locality, the degree of divergence was less than between mtDNAs from different localities. In contrast, digests of six cytotype E mtDNAs (three each from Urucurituba and Manacapuru) with MboI, HinfI, HinPI, and DdeI revealed no variation at any of 111 cleavage sites, indicating that the 0.2% sequence difference estimate based on the cleavage map comparisons may be an overestimate.
Comparisons with Ameiva and Other
Cnemidophorus A mtDNA representing the A. ameiva population at Alter do Chao was mapped and compared to C. lemniscatus mtDNAs, from which it differs at numerous sites (Fig.  4) . Its size was approximately 17.2 kb, with the difference relative to C. lemniscatus mtDNA mapping to the same region between the conserved SstII and BglII sites (Fig. 4) as was the size difference between mtDNAs of C. lemniscatus cytotypes D and E. Fragment patterns of mtDNAs from additional species (c. murinus, C. nigricolar, C. arubensis, A. auberi) and populations (A. ameiva from Manacapuru) were characterized (data not shown), but their cleavage sites were not mapped. Comparisons of the fragment patterns yielded by these mtDNAs revealed few similarities to either C. lemniscatus or to each other. These results are in qualitative agreement with those yielded by comparisons of allozymes from these same lizards (Sites et al., 1990) . Table 2 . Slashed bars represent standard errors ofthe estimates. D, E, and UNISEXUALS refer to C. lemniscatus cytotypes D, E, and A--e, respectively.
Phylogenetic Relationships
Estimates of sequence divergence between the six mapped mtDNAs (Table 2) and clustering based on these estimates (Fig.  5) indicate that the mtDNAs of the unisexuals are most similar to those from cytotype D bisexuals. Although the mtDNAs of A, B, and C unisexuals differed from those of cytotype D bisexuals by 5-6%, they differed from cytotype E mtDNAs by 13%, which is approximately the amount by which D and E mtDNAs differed from each other. Ameiva ameiva mtDNA was the most distinct, its average pairwise difference from the C. lemniscatus mtDNAs being approximately 18%.
A more rigorous estimate ofrelationships was based on parsimony analysis of informative cleavage sites, i.e., those with states (presence/absence) shared by two or more (but not by all) of the mtDNAs. The maximum parsimony cladogram was rooted using A. ameiva as the outgroup. Analysis of 40 informative characters (Table 3) , using exhaustive branch swapping, yielded a single shortest tree with 45 steps and a consistency index of 0.89 (excluding A. ameiva; Fig. 6 ). This analysis, like that using UPGMA, indicated that the mtDNAs ofthe unisexuals were most closely related to mtDNAs of cytotype D bisexuals.
DISCUSSION
Maternal Ancestry
The phylogenetic analyses demonstrate that mtDNAs of the unisexuals (cytotypes, A, B, and C) are most closely related to those of cytotype D bisexuals. However, the actual cytotype D female(s) involved in the hybridization event(s) presumably came from a locality other than those examined, given the considerable (> 5%) divergence of these D mtDNAs from those of the unisexuals. The substantial difference among mtDNAs from different cytotype D populations supports this suggestion. Further sampling of populations from the Amazon basin and areas to the north will be needed to provide more information about the geographic origin of the unisexual C. lemniscatus.
• 1 +3 +8 +11 . al., 1987) , the mtDNA homogeneity within the unisexua1s implies that these lineages C. 1emniscatus are of recent origin. The extremely low level ofmtDNA variThe above conclusions echo those already ation among the unisexua1s suggests that drawn for other unisexual Cnemidophorus they arose from hybridization(s) involving (Brown and Wright, 1979; Wright et al., only one or a few closely related females. 1983; Densmore et al., 1989a Densmore et al., , 1989b ; MoAlso, given the extent ofsequence difference ritz et al., 1989a), for unisexual gekkos in between cytotype D mtDNAs from different the Heteronotia binoei complex (Moritz et localities, it seems likely that the unisexuals al., 1989b and unpubl. data), and for the arose in a geographically restricted area. Fi-unisexual fish Menidia clarkhubbsi (Echelle nally, because of the rapid rate of mtDNA et al., 1989) . That all of these unisexuals evolution among vertebrates (Brown et al., Wright et al. (1983) . tion of parthenogenetic vertebrate taxa is short (Williams, 1975; Maynard-Smith, 1978; White, 1978; Bell, 1982; Michod and Levin, 1988) .
Origin and Age of Unisexual
The proposed recent origin of unisexual C. lemniscatus from a small geographic area has two important implications for interpreting their biogeographic history. First, because the unisexuals are of hybrid origin (Sites et al., 1990) , they must have arisen in the region where the bisexual parent taxa are or were in contact, presumably near their present western boundary. The rapid spread ofthe unisexua1s from west to east, presumably by rafting, would be facilitated by their parthenogenesis. It is, therefore, difficult to reconcile the current distributions (see Fig.  1 in Sites et al., 1990) with the east to west migration proposed by Vanzo1ini (1970) . Second, the apparent geographic restrictions on the origin(s) of the unisexuals conflict with suggestions that they stem from multiple, geographically widespread and independent events (Vanzolini, 1970 (Vanzolini, , 1978 Hoogmoed, 1973 p. 272; Peccinini-Seale and Frota-Pessoa, 1974) , although analysis of Venezuelan and Suriname specimens is needed to test the generality of this result. In particular, it seems unlikely that the unisexual population at Obidos arose separately (Vanzo1ini, 1970) ; a more plausible explanation for the shift in sex ratio that he reported is that the bisexual population was invaded and replaced by a unisexual one.
Are Cytotypes D and E Different Species?
Allozyme data (Sites et al., 1990) indicate strongly that the D and E chromosome forms of bisexual C. lemniscatus are different species; the genetic distance between D and E, based on allozymes, is 20 times greater than that between D populations that are separated by a similar geographic distance. The mtDNA comparisons support and strengthen this observation. The estimated sequence divergence between mtDNAs from the D and E cytotypes, 13%, is more than six times greater than that between geographically separated samples of the D cytotype (Table 2) , and is also greater than that separating the mtDNAs of many other bisexual species of Cnemidophorus, including some that have hybridized to produce unisexual lineages (Table 4 ). The empirical evidence that cytotypes D and E are separate species makes the correlation between hybridity and parthenogenesis in Cnemidophorus absolute, and precludes further use of C. lemniscatus as support for the argument that parthenogenesis arose spontaneously in Cnemidophorus.
